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Introduction
Nitrogen is one of the most important macronutrients for plant life and development. Access to assimilable nitrogen is particularly challenging for land plants that are sessile organisms unable to move following the soil nitrogen availability. One of the most complex and efficient strategy developed by land plants to overcome the risk of nitrogen starvation is the establishment of mutualistic nitrogen-fixing symbioses between plants from diverse lineages and different bacteria able to fix atmospheric nitrogen; the latter benefiting in return from plant carbohydrates [1] . Among the land plants, the legumes (Fabaceae; Angiosperms) encompass the majority of species able to form nitrogen-fixing symbioses. With more than 19,000 species spread within approximately 770 genera adapted to a wide range of ecogeographical conditions, Fabaceae is the third largest angiosperm family [2] . The majority of legumes are able to associate with nitrogen-fixing bacteria (members of the -and -proteobacteria) which are collectively termed rhizobia [3] . This ability to form nitrogen-fixing symbioses confers the Fabaceae a major role in natural ecosystems and makes them of a great interest for agriculture [4] . In addition, they provide valuable protein sources for feed and food and are currently considered as nutraceutics [4, 5] .
Nitrogen fixation occurs in specialised root structures called nodules providing a suitable environment with low oxygen tension and high access to plant-derived sources of carbon and energy that are necessary for nitrogen fixation by the bacterial nitrogenase [6] . Accordingly, legume symbiosis has been extensively studied during the last three decades, which significantly increased our understanding of the genetic pathway underlying the establishment and function of root nodule symbiosis (RNS) [7, 8] . Symbiosis is the result of a molecular dialogue between plant host and symbiont. Plant hosts release a cocktail of symbiotic effectors (mainly composed of (iso)flavonoids) to the rhizosphere that act as selectors of compatible bacteria [9] . Plant effectors activate a gene cascade in rhizobia resulting in the release of lipochitooligosaccharides called NOD factors [9] that are perceived by specific transmembrane receptors (NFR1, NFR5 and putatively SymRK) at the surface of root epidermal cells [10, 11] . The activation of plant receptors induces two downstream programs. The first occurs in the epidermal cells and regulates the infection of root by rhizobia. The second is located in the cortical cells and controls the cell division leading to the nodule organogenesis [7] . NOD factor perception by transmembrane receptors induces the transduction of a signal to the cell nucleus through nucleoporins (NUP85, NUP133, NENA) where it activates calcium spiking, Ca 2+ influx and membrane depolarization involving different cation channels (MCA8, CASTOR, POLLUX) [12] [13] [14] . Calcium spiking is then decoded by a calcium calmodulin dependent protein (CCAMK) associated with a nuclear coiled-coil protein (CYCLOPS) [15] . This complex regulates transcription factors and downstream genes (NIN, NSP1, NSP2, ERF, LHK, VAPYRIN) involved in both epidermal and cortical programs [7] . This genetic pathway is interconnected with several other metabolic pathways, such as hormone biosynthesis and signalling, secondary metabolism, as well as the regulation of carbon and nitrogen fluxes and the plant defence response system [7, 8, 16] - 21 . Taken together, all the metabolic pathways involved in the root nodule symbiosis and their interactions make this process highly complex and many specific details remain to be discovered. Improving our knowledge of the RNS regulation and legume-symbiont relationships is crucial for a better understanding of natural ecosystems and could be very useful in a context of crop improvement. To date, RNS is extensively studied in a few model plants such as soybean (Glycine max), barrel medic (Medicago truncatula) or birdsfoot trefoil (Lotus japonicus). Although these species represent different nodulation systems (e.g indeterminate vs determinate nodules), they all belong to the same legume lineage, whereas very little is known about the symbiosis in other legume lineages. Within the Papillionoid legumes, the Lupinus genus, which is member of the Genistoids tribe, is of particular ecological and agronomical interest [17] . This genus encompasses hundreds of species mainly spread in the New World, whereas around 20 species and subspecies are found in the Old World [18] . Recently, attention paid to this genus drastically increased because of its beneficial proprieties for human health and nutrition [5] , and the recent release of novel genomic resources and of a first draft genome [19] [20] [21] . Lupines are also particularly suitable for the symbiosis studies since they are, to date, the only known legume genus unable to form arbuscular mycorrhizal symbiosis, and since their RNS present singular features, such as the absence of infection thread and specific lupinoid nodules [22] .
Lupines are mainly nodulated by diverse Bradyrhizobium strains, mainly belonging to B. japonicum and B.
canariense in the Old World, and to B. japonicum in the New World [23] . Although most lupine species appear to be nodulated by various strains of Bradyrhizobium, some cases of symbiotic specificity have been reported. The best-known example of symbiotic specificity has been observed in a newly described species (L. mariae-josephae), endemic from the Valencia region in Spain and adapted to alkaline and calcareous soils [24] . This species is nodulated by Bradyrhizobium valentinum [25] . Previous cross-inoculation studies revealed that L. mariae-josephae was unable to form functional RNS with different isolates of B.
japonicum or B. elkanii, and that B. valentinum is not able to successfully nodulate other closely-related lupine species [25] .
Symbiotic specificity is one of the most striking aspects of RNS, and while it has been observed many times among the Fabaceae family, the mechanisms underlying this process are still unclear [25] . This complex process occurs at different stages of the RNS, from the pre-infection molecular exchanges to the nitrogen fixation inside the nodules [26] . To date, different factors controlling host range have been identified, such as the specific mutual recognition of both partners through the plant (flavonoids) and rhizobia (NOD factors, surface exopolysaccharides…) specific effectors [26, 27] , and the homo-or heterozygote status of genes encoding bacterial effector receptors [28, 29] . Symbiotic specificity has also been observed in latest stages of RNS, where rhizobia strains successfully infected the root and induced nodule organogenesis, but were unable to fix nitrogen in some hosts, whereas these strains induced a fully functional RNS with other hosts [30] [31] [32] Figure S1 ; [25] ). The cross-inoculation experiment was carried out as described in [25] at CBGP (UPM-INIA). Briefly, sterile
Leonard jar units containing N-free Jensen's solution were used [33] . Each unit was filled with autoclaved vermiculite, and two plants were grown in each from axenically-germinated seedlings. Plants were grown in the Leonard jar units under bacteriologically controlled conditions in a greenhouse under natural light supplemented with artificial light (16/8h day/night, at 25/23°C). After four weeks of growth, roots and nodules were harvested (Supplementary Figure S1 ) and immediately frozen in liquid nitrogen. For each lupine/Bradyrhizobium pair, three replicates were separately collected. using Bowtie2 [34] and not further considered.
RNA extraction and sequencing

Transcriptome assembly and annotation
Quality of paired-end (PE) reads was first checked using FASTQC software (v0.11.4) [35] . For each species, reads from the three replicates of the two conditions were pooled prior to the assembly. For each Lupinus species, transcriptome assembly was achieved using Trinity v2.0.6 [36] with the default parameters on a high-performance computing cluster (Genouest Bioinformatics, Rennes, France). Then, potential chimeras were removed using a Perl script from the GenoToul Bioinformatic platform. For each species, reads of each replicate were individually mapped back to the transcriptome using Bowtie 2 v2.2.8 [34] in end-to-end mode with no gaps and the no-mixed and no-discordant options, as well as the -k option fixed to 200 to allow multiple reads mapping. Then contigs were clustered using Corset software v1.04 [37] . This allows the hierarchical clustering of contigs based on their number of shared reads and their expression ratio between the two conditions. For each cluster, the longest contig was selected as representative and used for further analysis. The clustered transcriptomes were subjected to an analysis of completeness using Benchmarking Universal Single-Copy Orthologs (BUSCO [38] ) and the plants orthologs database (odb9, available at http://busco.ezlab.org/). Additionally, Corset produces a matrix containing the number of reads for each cluster that was used for downstream expression analysis [37] .
Each transcriptome was annotated using the Trinotate pipeline v3.0. Lupinus angustifolius [19] . Trinotate was used to generate a SQLite database containing annotation data for each transcriptomes (thereafter referenced as nodulomes, representing the genes set expressed in nodules and inoculated roots).
Identification of genes differentially expressed
Prior to expression analysis, low-count clusters were removed from the Corset count matrix using a custom Python script. Low-count clusters were defined as those with less than 20 reads on average in the two conditions, as well as clusters with less than 20 reads in at least two replicates in both conditions. Cleaned count matrices were then normalized using the EDASeq package 2.8.0 [46] . Both between-lanes (library size) and intra-lane (GC content) normalizations were achieved following the full quantile normalization method that was more suitable than other normalization methods (data not shown). Analysis of gene expression was performed using DESeq2 1.14.1 [47] with an adjusted p-value (Bonferroni method) of 0.05.
To be considered as differentially expressed (DE), genes should have a p-value less than 0.05. In DESeq2, the incompatible situation between lupine and Bradyrhizobium (hereafter named nod -) was set as reference for the pairwise comparisons with the compatible one (nod + /nod -) for each of the three lupine species.
Consequently, down-regulated genes are up-regulated with the incompatible bacteria strains, whereas upregulated genes are up-regulated with the compatible Bradyrhizobium.
Gene expression validation
Gene expression levels were validated by RT-qPCR. Synthesis of cDNA was conducted using iScript 18 genes belonging to various functional categories using Primer 3 v1.1.3 [48] . Three housekeeping genes, CBP20, PDF2 and UBQ5, were also used. Primer sequences and characteristics are described in the Supplementary Table S1 . The qRT-PCR was performed using a LightCycler LC480 from Roche following by 45 cycles of denaturation at 95C for 15s, primer annealing at 56C for 15s, extension at 72C for 1min before a dissociation step composed by 15s at 95C, 1min at 60C and 15s at 95C. For relative quantification, the comparative cycle threshold (Ct), also called 2 -Ct was used and the geometric mean of the housekeeping genes employed as reference [49, 50] .
Functional analysis of differentially expressed genes
Lupine is a non-model organism and thus results of BLASTx between lupine clusters and the model legume M. truncatula proteins performed during the annotation process were used for the functional classification. For each species, the best BLAST hit (according to the highest bitscore, lowest e-value, highest alignment length and identity) was extracted for each of the retained DE genes. To enable the crossspecies comparison, lupine DE clusters were grouped according to their best BLAST hit against M.
truncatula. Reference IDs of M. truncatula were then loaded into MapMan software v3.5.1R2 [51] and functional annotations extracted for each species individually. To ensure an accurate analysis, the annotation of genes and metabolic pathways investigated in this work were manually curated. Additionally, an overrepresentation analysis was performed in PageMan as implemented in MapMan [51, 52] . The frequency of functional categories in the annotated DE clusters were compared to their expected frequency in background lupine nodulomes (clusters annotated by best BLAST hit from M. truncatula) using a
Fisher's exact test, an ORA cutoff of 1 and a multiple testing correction of Benjamini-Hochberg.
Normalized counts of DE genes from the corresponding matrix between the lupine species were subjected to a PCA using the ade4 v1.7.8 R package [53] in R v3.4.0 [54] and the graphic interface RStudio v1.0.143 [55] . Visualisation of PCA results was achieved using the R package ggplot2 v2.2.1 [56] .
Results and Discussion
Lupine nodulomes sequencing and assembly
Illumina sequencing of the RNA obtained from nodules (or roots) yielded a total amount (all conditions and the species) were successfully annotated using the different BLAST approaches. This is consistent with the roughly 33,000 proteins that have been predicted for L. angustifolius [19] . All annotation results were loaded into Trinotate producing easily readable annotation tables (Supplementary tables S2 to S4).
Additionally, analysis of the transcriptome completeness was performed using BUSCO [38] . Results revealed that around 70% of the BUSCO groups searched were completely retrieved in the three transcriptomes and almost 90% of them corresponded to single copies of BUSCO groups. The remaining clusters were assigned to fragmented BUSCOs (approximately 11 % for each species) and around 18% of the BUSCOs were absent from all the transcriptomes. These new data come to enrich the growing Lupinus database that is mainly constituted of one Lupinus albus transcriptome [20] , ESTs from L. luteus [21] as well as three L. angustifolius transcriptomes and its newly published draft genome [19] . In addition, our results provide the first transcriptomic resources for Lupinus mariae-josephae, which represent the raw material for further investigations on this enigmatic endemic species [58] that displays a noteworthy symbiotic specificity [25] .
RNA-Seq gene expression analyses and qPCR validation
In order to perform expression analysis, the expression matrix obtained from Corset was filtered to remove low count clusters using a custom Python script as described in section Methods, reducing the size of datasets to around 40,000 clusters for each species. For the differential expression analysis, DESeq2 was used and populated with the EDASeq-normalized data. mariae-josephae, respectively, and around one-half exhibited opposite expression patterns ( Figure 1 ).
These results suggest that, at the molecular level, the compatible and incompatible symbiotic interactions within L. albus are closer than they are within the two other Lupinus species. These contrasted responses of lupine species to compatible or incompatible Bradyrhizobium strains were also characterised at the functional and morphological levels by [25] . Indeed, they reported that reduced nodule formation and Figure S2) . Conversely, only a slight differentiation between the two situations was identified for L. albus consistently with the observed nodulation in both conditions. In addition, a clear discrimination of the species according to the second and third components (25 and 21% of the explained variance respectively) was also observed, reinforcing the hypothesis of species-specific responses to the bacteria. Finally, analysis of the genes contribution to these three axes revealed that none of the 4,103 genes contributed more than 1% of the axes variance, suggesting that responses to compatible or incompatible Bradyrhizobium are driven by an important set of genes, thus illustrating the complexity of the interaction.
Overview of the functional classification of nodulomes and differentially expressed clusters
To and 'Minor CHO metabolism') containing over-represented functions in up-regulated genes only ( Figure   3A ). This is again consistent with the fact that L. albus produced nodules with both bacterial species. On the contrary, 13 and 10 enriched functional categories were found in L. luteus and L. mariae-josephae, respectively. For these two species, 'Hormone metabolism', 'Misc', and 'Transport' contained overrepresented functions in both up-and down-regulated genes, whereas functions from the 'Signalling', 'RNA', 'Stress' and 'Secondary metabolism' categories were over-represented only among down-regulated genes ( Figure 3B and 5C). All other over-represented functional categories ('Lipid metabolism', 'major CHO metabolism', 'Amino-acid metabolism', 'Glycolysis', 'Redox', 'N-metabolism', and 'Protein') either occurred in only one of these two lupine species or presented an opposite regulation of expression in the two species ( Figure 3B and 5C ). All in all, these analyses notably pointed out the pathways related with hormone metabolism, CHO metabolism, amino-acid and N-metabolism, stress and secondary metabolism as being part of the symbiotic response to different Bradyrhizobium strains in lupine roots. Genes belonging to similar functional categories were also found significantly affected during the RNS in the model legume M. truncatula [59] and references therein; [60] . In addition to these categories, we also retained for further analysis the canonical symbiotic genetic pathway, since it is not represented by a defined MapMan functional category but involves genes from diverse functional categories. The way all these different, functionally-related genes can help explain the different mechanisms implicated in the hostsymbiont choice and how they participate in the establishment of a successful symbiosis has been carefully analysed in the following sections.
Most of the canonical symbiotic genes are DE in both L. luteus and L. mariae-josephae
Root nodule symbiosis is regulated by a complex genetic pathway involving genes from diverse functional categories (reviewed in [7, 8] ). All of these canonical symbiotic genes, previously identified in model legumes and in the genome of L. angustifolius, were retrieved in the three lupine transcriptomes analysed in this study. Interestingly, they were not differentially expressed in L. albus irrespective of the bacterial symbiont ( Figure 4 ). Although this is consistent with the formation of nodules with both Bradyrhizobium strains, it also suggests that the infection process was successful in both cases, since genes controlling this step, such as CCamk, CycloPS, NSP1, NSP2 and ERN1 did not exhibit significant expression changes in this species. A similar situation has been observed in M. truncatula, where the ecotype Jemalong 6 showed non-functional infected nodules with Sinorhizobium meliloti strain A145 [32] . Thus, the non-functionality of L. albus nodules could be due to an incompatibility occurring in the later stages of symbiosis such as the nitrogen and carbohydrates exchanges, or to a late activation of plant defence. Conversely, genes expressed at different steps of the RNS and in both epidermal and cortical programs were significantly affected by the change of symbiont in both L. luteus and L. mariae-josephae (Figure 4 ). Although lupine orthologs of the NOD factor receptors NFR1 and NFR5 were not DE in these species, the expression of other transmembrane receptors (i.e. SymRK, EPR3 and concavanalin A-like lectin genes) involved in RNS was significantly higher in functional nodulation situations. As an explanation for the low expression of other receptors (e.g. NFR1 and NFR5) for rhizobia effectors, it must be kept in mind that nodules used here were mature and not at the early stages of plant-rhizobia molecular dialogue, when these receptors are involved [10] . Alternatively, even if still involved at this stage of the RNS, it is possible that regulation occurs on the other components of the genetic pathway.
Further downstream of the symbiotic signalling cascade (Figure 4 ), several key genes belonging to epidermal and/or cortical programs were differentially expressed and exhibited a significant up-regulation in both L. luteus and L. mariae-josephae. This is the case of key genes CCamK and CycloPS, which encode proteins acting downstream of the calcium spiking with a central role in the coordination of epidermal and cortical programs, and the MCA8 gene, encoding a cation channel required for calcium spiking. During the RNS, CCAMK and CYCLOPS form a complex that is thought to be able to activate transcription factors such as NSP1, NSP2 or NIN. Neither NSP1 or NSP2 showed significant change of expression in this experiment, whereas NIN was induced by the compatible bacteria in both L. luteus and L. mariae-josephae 63 . Interestingly, other recent findings revealed that CYCLOPS is also able to directly activate the transcription of NIN, which is also essential for the RNS. Thus, these different transcription factors downstream of CYCLOPS appear to be involved in RNS and are known to activate nodulation genes such as ENOD11, RPG, or ERN1 (the latter being up-regulated in both L. luteus and L. mariae-josephae) 63 .
Finally, two more genes (PUB1 and VAPYRIN) implicated in epidermal programs were also induced in L.
luteus and L. mariae-josephae. PUB1 (Plant U-box protein 1) is known to encode a protein able to interact with and to negatively regulate the NOD factor receptor LYK3 (ortholog of NFR1) in M. truncatula and could play a role in the symbiotic specificity [62] . The VAPYRIN gene is also essential for the establishment of both mycorrhizal symbiosis and RNS in M. truncatula [63] . This expression pattern could be explained by temporal variations of gene expression during nodulation, since nodules from different stages were used. Such temporal gene expression variations have already been demonstrated on soybean and barrel medic [59, 60] . Canonical symbiotic genes are significantly induced by compatible symbionts in both L. luteus and L. mariae-josephae, suggesting an activation of these genes in compatible situation. However, they are generally expressed in early steps of the symbiotic interaction in model legumes, and thus, this needs to be further confirmed during the first steps of the Bradyrhizobium/lupines interaction.
Carbon and nitrogen metabolism is induced in compatible situations
Root nodule symbiosis induces significant changes in carbon and nitrogen partitioning in the host plant.
Fixed carbon from photosynthesis (converted into malate) is provided to the nitrogen-fixing bacteroids and fixed nitrogen is assimilated by the plant host [1] . Genes related to these processes were overall upregulated in the three lupine species. Starch biosynthesis was globally up-regulated in both L. luteus and L.
mariae-josephae. Thus, genes coding for three starch synthases, one granule-bound starch synthase and one starch-branching enzyme were up-regulated in these species ( Figure 5 , top left). Interestingly, genes for starch catabolism were also up-regulated, with different -and -amylases up-regulated in the three lupine species, as well as a starch-degradation enzyme-encoding gene (StP) in L. mariae-josephae ( Figure 5 , top left). This is in accordance with similar results obtained in L. japonicus [66] . Indeed, accumulation of starch in nodules is reduced and has only been observed in defective nodules which are not a strong C sink [66] .
Carbohydrates derived from photosynthesis are the source of bacteroid fuel for nitrogen fixation and they are transported from leaves to nodules in the form of sucrose [67] . In nodules, sucrose is converted to fructose and glucose or UDP-Glucose by invertases and sucrose synthases respectively. Interestingly, these enzymes, encoded by multigene families, displayed a temporal expression variation in nodules of model legumes: invertases are generally induced in the developing nodules, whereas sucrose synthases are more active in mature nodules [67, 68] . Since nodules from different development stages were used in this study, this could explain why five invertases and five synthases were significantly affected by the symbiont switches. Most of them were down-regulated in either L. luteus, L. mariae-josephae or in both species, except for two sucrose synthases and one invertase diversely up-regulated. Interestingly, these two upregulated sucrose synthases are known to be strongly induced in M. truncatula nodules according to the Medicago truncatula genome database [69] .
Fructose, glucose and UDP-glucose produced by invertases and sucrose synthases are precursors involved in the biosynthesis of different sugars such as raffinose, galactose, trehalose or myo-inositol. Interestingly, genes involved in the biosynthesis of these sugars were mainly up-regulated in the three species ( Figure 5 ).
Although trehalose is mainly produced by the bacteria and is thought to act as an osmoprotectant, essential during infection [70] , previous studies highlighted that legume-originated trehalose has a significant, positive impact on the nodule size, structure and nitrogen fixation, as well as on the resident bacteroids structure, number and metabolism [71, 72] . Accordingly, the up-regulation of trehalose biosynthesis in the three lupine species supports the hypothesis of a functional symbiosis in compatible situations. Fructose is also the starting point of the glycolysis resulting in the production of malate provided to the bacteroid valentinum relationship. Finally, it is interesting to note that different genes related to nitrogen foraging, transport and partitioning (such as diverse NRT and AMT) were found to be down-regulated in both L.
luteus and L. mariae-josephae suggesting that a nitrogen-stress response is triggered in the incompatible situations [74] . The functionality of L. luteus and L. mariae-josephae with their respective compatible symbiont is also supported by up-regulation of leghaemoglobin encoding genes for which the M. truncatula homologs are highly expressed in nodules under symbiotic conditions [69] . Additionally, two homologs of VIT1 and NRAMP3 genes, which are essential for iron transport in the symbiosome [75] , were retrieved among the up-regulated L. mariae-josephae genes. It is known that iron is involved in symbiotic N2 fixation, and positively affected nodule initiation and function in lupines [76] . Recently, a detailed survey of the ethylene impact on RNS revealed a dual role for this hormone. On one side, ethylene acts as a negative regulator of RNS in a NOD-dependent fashion and as an inducer of plant defense-related genes. On the other side, ethylene is able to induce the expression of several genes involved in the nodulation process [65] . Indeed, genes encoding the two key enzymes involved in ethylene biosynthesis, i.e. 1-aminocyclopropane-1-carboxylic acid synthase (ACS) and 1-aminocyclopropane-1-carboxylic acid oxidase (ACO) were up-regulated in M. truncatula during symbiosis with S. meliloti [78] .
These genes were significantly affected by the compatibility between lupine hosts and Bradyrhizobium strains. Four ACS genes displayed contrasting expression patterns in both L. luteus and L. mariae-josephae, whereas the only ACS gene DE in L. albus was down-regulated. Conversely, one ACO encoding gene was significantly induced by the incompatible Bradyrhizobium strains in both L. luteus and L. mariae-josephae.
These results suggest different regulation states of ethylene biosynthesis that could be explained by the dual role played by this hormone, or by the action of two regulation systems for ACS or ACO. Ethylene signalling was also highly affected and generally down-regulated in both L. luteus and L. mariae-josephae suggesting an activation of plant defences in reaction to the incompatible bacterial (discussed later).
Several genes coding for AP2/Ethylene-responsive elements binding proteins were down-regulated in both L. luteus and L. mariae-josephae, with the exception of the essential symbiotic ERN1 gene [78, 79] which is up-regulated in L. luteus. Taken together, these results strongly suggest that the incompatible Bradyrhizobium strain induced ethylene-driven defence responses in both L. luteus and L. mariae-josephae, whereas the positive role of ethylene during the RNS was less detectable.
The balance between auxins and cytokinins is an essential regulator of nodule organogenesis. Previous studies revealed that nodule initiation requires low auxin and high cytokinins levels. Once nodules are initiated, auxin levels are increased and auxin-responsive genes are induced in the nodule meristem [77, 80] .
Investigation of auxin-related genes revealed that lupine homologs to MtTAR2 and YUC genes, involved in the biosynthesis of the indole 3-acetic acid (IAA), are mainly up-regulated in either L. luteus, L. mariaejosephae or both, which was also shown for YUC genes in M. truncatula [78] . During RNS, auxin levels in nodule primordia are regulated through the synthesis/degradation of the auxin transporters or through the action of different transport regulators [77] . Thus, in general, auxin transporters (PIN, ABCB15, ABCB19, LAX2) as well as their regulators (such as PINOID, PIPK5, CHMP1A, NPY1, IAR3, IAMT1 or AFB) were mainly up-regulated in both L. luteus and L. mariae-josephae although some of them displayed contrasting expression patterns. Finally, among auxin responsive elements known to be rapidly induced by auxins and down-regulated during nodule initiation [80] , different expression patterns were identified in both L. luteus and L. mariae-josephae, suggesting that auxins are subjected to spatial and temporal variations as it has been previously revealed in model legumes.
Cytokinins are known to be essential for nodule morphogenesis initiation and mediate the localized downregulation of auxin transport genes during this step [77] . Here, the cytokinins biosynthesis pathway was found to be mainly up-regulated in the species nodulated by only one Bradyrhizobium strain (Supplementary Figure S4) . Indeed, three ITP encoding genes, required for the isopentenyladenine and the trans-Zeatin biosynthesis, were found up-regulated in either L. luteus or L. mariae-josephae. These genes are classically up-regulated during nodule morphogenesis in M. truncatula [81] . The cytokinin signalling pathway was found globally induced by the compatible symbiont in L. luteus and L. mariae-josephae.
Although cytokinin receptors (called AHK) had divergent expression patterns in lupines, their target genes, involved in the regulation of cytokinins biosynthesis (LOG genes), were mainly up-regulated in both L.
luteus and L. mariae-josephae as it was shown during M. truncatula symbiosis [82] . Similarly, AHP proteins, which are phosphorylated by AHKs receptors, were also up-regulated in both L. luteus and L.
mariae-josephae. These results are consistent with nodule development in compatible situations. AHPs signal is transmitted to A and B-type response regulators (ARRs) which determinate the cytokinin output [83] . Only A-type ARRs were retrieved and they were up-regulated in both L. luteus and L. mariaejosephae, whereas one was down-regulated in L. albus. One of them (the RR4 gene) is a negative regulator of nodule number induced during the M. truncatula symbiosis, partly activated by an ethylene response factor required for nodule differentiation (EFD) [84] . Thus, these results suggest the activation of cytokinin biosynthetic genes, although the signalling pathway presents a more contrasting expression pattern that could be due to temporal and/or spatial variations in cytokinin signalling (as shown in [85] ).
Similarly to ethylene, abscisic acid (ABA) is a negative regulator of nodulation and is able to regulate NOD factors signalling, cytokinin-dependent nodule initiation as well as calcium spiking signature [86] . ABArelated genes revealed an up-regulation of two NCED and one ABA4 genes, required for the ABA biosynthesis, whereas the different ABA-responsive genes were down-regulated in the three lupine species.
Indeed, one PYR and three PYL genes encoding ABA receptors were down-regulated in L. luteus and L.
mariae-josephae. Under ABA activation, PYL receptors inhibit phosphatase 2C protein (PP2C, four genes identified and down-regulated in the three species) resulting in the induction of ABA responsive genes [87] . Although most of these genes have been described in response to abiotic stress, such as drought [88] , our results suggest the activation of the ABA responsive genes in the incompatible situations. This is consistent with the fact that ABA is thought to act as an antagonist of cytokinins, resulting in an inhibition of nodulation [77] .
Genes coding for enzymes of the gibberellins (GAs) biosynthetic pathway (GA1, GA2, KAO, GA20ox, and GA3ox) were in general up-regulated in L. luteus and L. mariae-josephae ( Figure 6 ). GAs can be inactivated through the GA2ox activity (one gene up-regulated in L. luteus and another down-regulated in L. luteus and L. mariae-josephae). The up-regulation of the GAs biosynthesis pathway observed here in both L. luteus and L. mariae-josephae has been also described in other legumes during their nodulation [89] [90] [91] . However, GAs are known to inhibit nodulation [92] and the downstream signalisation pathway revealed the activation of GAs signal transduction repressors. Indeed, biologically active GAs induce the transduction of a signal through the GID1 receptor (the coding gene is down-regulated in both L. luteus and L. mariae-josephae) promoting the degradation of DELLA proteins which suppress the transcription of the GA-responsive genes [92] . DELLA proteins are essential for the RNS and have been recently found to promote the formation of the CCAMK/CYCLOPS complex and bridging it with NSP1/NSP2 [92] . Here, one DELLA gene was up-regulated in L. luteus and L. mariae-josephae. In addition, DELLA-mediated repression of GAs is also supported by the up-regulation, in L. luteus only, of BRG3, a S-ribonuclease binding protein encoding gene, required for a complete GA repression by DELLAs [93] . Taken together, these results suggest that the presence of a compatible Bradyrhizobium strain induced GAs biosynthesis in both L. luteus and L. mariae-josephae, whereas the GA signalling pathway through the GID1 receptor was repressed. Consequently, this suggests a fine control of the GAs concentration as it has been shown in Pisum sativum, where an optimal concentration of GAs was required for proper RNS [89] . [94] . Legumes are particularly rich in (iso)flavonoids and there is no doubt about their central role during RNS [95, 96] . Indeed, they act as either specific inducers or repressors of rhizobia growth, inducers of NOD-factors biosynthesis and regulators of the auxin transport required for nodule organogenesis [96, 97] . From phenylalanine to the different flavonoids, most of the identified genes coding for biosynthetic enzymes (i.e. PAL, C4H, 4CL, CHS, CHI, F3'H, FLS, FNS) were significantly downregulated in both L. luteus and L. mariae-josephae ( Figure 7) . Only three biosynthetic genes appeared to be up-regulated, namely C4H, CHS and F3H genes. Interestingly, no genes encoding key enzymes known to catalyse the biosynthesis of isoflavonoids were identified among the DE genes. This is surprising since previous studies showed the accumulation of diverse isoflavonoids in nodules of L. albus and L. luteus [98, 99] . However, it is well known that (iso)flavonoids can play species-specific roles and the activation of flavonoid biosynthesis in compatible situations could be masked by a higher induction of these pathways under incompatible interactions for nodulation [94] .
Flavonoid biosynthesis pathway is induced by incompatible strains in
Plant defences are induced by the incompatible Bradyrhizobium strains
The 'Stress' functional category was another of the over-represented functional categories among downregulated genes in L. luteus and L. mariae-josephae ( Figure 3B-C) . This is of particular interest in the context of biotic interactions and is consistent with a defence response against the incompatible Bradyrhizobium strains.
The first active response of plants to microbes is the primary immune response (PTI=Pathogen Triggered Immunity), which is initiated upon perception of conserved microbial molecules by plant cell-surface receptors [16] . 
Conclusion
In this study, nodule and root transcriptomes of three Old-World lupine species (L. albus, L. luteus and L.
mariae-josephae) cultivated with compatible and incompatible Bradyrhizobium strains were reconstructed and analysed in order to better understand the host control and mechanisms of symbiotic specificity. This is also the first report of genomic resources for the endemic Lupinus mariae-josephae, which represent new data for further studies on this enigmatic species. Analysis of gene expression revealed that L. luteus and L.
mariae-josephae (each restricted to a compatible bacterial strain) had more than twice differentially- 
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